Polycrystalline CaCu 3 Ti 4 O 12 thin films were deposited on Pt(111)/Ti/SiO 2 /Si substrates using radio frequency magnetron sputtering. The phase formation and the physical quality of the films were crucially dependent on the substrate temperature and oxygen partial pressure. Good quality films were obtained at a substrate temperature of 650°C and 4.86 Pa total pressure with 1% O 2 . The dielectric constant (∼ 5000 at 1 kHz and 400 K) of these films was comparable to those obtained by the other techniques, eventhough, it was much lower than that of the parent polycrystalline ceramics. For a given temperature of measurements, dielectric relaxation frequency in thin film was found to be much lower than that observed in the bulk. Also, activation energy associated with the dielectric relaxation for the thin film (0.5 eV) was found to be much higher than that observed in the bulk ceramic (0.1 eV). Maxwell-Wagner relaxation model was used to explain the dielectric phenomena observed in CaCu 3 Ti 4 O 12 thin films and bulk ceramics.
Introduction
High dielectric constant oxide materials are of much interest because of their importance in the miniaturization of electronic devices [1] [2] [3] . This has led to a quest among the scientific community to improve upon the dielectric properties of the existing ferroelectric/relaxor materials such as barium titanate [4, 5] , lead zirconate titanate [6] or barium strontium titanate [3, 7] . However, the dielectric properties of these materials are strongly temperature dependent and undergo a maximum in the vicinity of the ferroelectric to paraelectric transition temperatures. These characteristics are undesirable from the electronic device applications view point. In this context, the discovery of CaCu 3 Ti 4 O 12 (CCTO) has generated an immense interest owing to its giant dielectric constant despite its centrosymmetric nature (space group Im3) [8] [9] [10] [11] .The polycrystalline CCTO was reported to exhibit remarkably high dielectric constant N 10 4 [8, 9, 11, 12] at 100 kHz at 300 K. However, these properties were strongly dependent on processing conditions [13] [14] [15] [16] [17] . The value of dielectric constant for a single crystal of CCTO was reported to be close to 10 5 [10] . Further, the dielectric constant was reported to remain constant in the 100-400 K temperature range. When the temperature was lowered below 100 K the dielectric constant decreased by three orders of magnitude. The dielectric constant value was as low as 100 below 100 K [8] [9] [10] . However, neither a phase transition nor a detectable long-range crystal structural change was found by high resolution X-ray and neutron diffraction studies in the temperature range of 100-600 K [8, 9] . In the frequency domain, it showed an extremely high value of dielectric constant (up to 10 5 ) at room temperature (300 K) in the 100 Hz-1 MHz frequency range and exhibited a dielectric relaxation above this frequency. The value of dielectric constant above the relaxation frequency was as low as 80 and frequency of dielectric relaxation was dependent on the measurement temperature [8] [9] [10] . Such a high dielectric constant is usually a characteristic feature of ferroelectric materials with the permanent dipoles being the major contributors for the polarization. But, the origin of high dielectric constant in CCTO due to the permanent dipoles is ruled out because of its centrosymmetric nature (Im3) even down to 35 K [18] . The origin of the giant dielectric constant in CCTO is not well understood yet. However, the recent papers based on the impedance spectroscopy revealed its extrinsic nature owing to the huge difference that exists in the resistivity of grain and the grain boundary leading to the barrier layer capacitor-like situation [12, 13] . Further, the studies concerning the electrode material and thickness effects demonstrated their strong influence on the dielectric properties of CCTO ceramics. Since, it is practically difficult to scale down the thickness beyond a certain level without being supported by some substrate, we thought it was worth fabricating thin films of CCTO on industrially important substrates such as Pt(111)/Si(100). There have been a few reports on CCTO thin films deposited by pulsed laser depositions (PLD) and chemical solution route [19] [20] [21] [22] . However, there are no reports on the CCTO films deposited by sputtering technique. In this paper we report the details pertaining to the deposition and dielectric properties of CCTO thin films on Pt(111)-Si(100) substrates by radio frequency (RF) magnetron sputtering.
Experimental details
Polycrystalline ceramic powders of CCTO was prepared via the conventional solid-state reaction route using stoichiometric amounts of CaCO 3 , CuO, and TiO 2 . These were thoroughly mixed in an acetone medium using a ball mill. Subsequently the mixture was oven dried for about 2 h. This was followed by the calcination of the powder at 1000°C for 10 h with an intermittent grinding. The formation of the monophasic compound was confirmed by X-ray powder diffraction (XRD) using monochromatic Cu K α (λ = 1.541 Å) radiation. The polycrystalline powder was then cold pressed into a disk of 5 cm in diameter and 4 mm in thickness at a pressure of 30 MPa using PVA as binder. The pressed target was slowly heated to 600°C to get rid of the binder and finally sintered in air at 1050°C for 10 h.
Pt(111)/Ti/SiO 2 /Si(100) substrate was used for deposition of the films. The target to substrate distance was 5 cm. Prior to the deposition, sputtering chamber was evacuated to 333.3 × 10 − 7 mPa using rotary and turbomolecular pumps. The deposition was carried out using a mixture of argon (Ar) and oxygen (O 2 ) with different amounts of O 2 and at two different total pressures of 4.86 Pa and 5.9 Pa. For each total pressure, the Ar/O 2 flow rates set were 99/1, 95/5 and 90/10 sccm. This corresponds to O 2 partial pressures of 48.66 mPa, 243.3 mPa and 486 mPa respectively for the total pressure of 4.86 Pa. The deposition was carried out at 50 W (3.5 W/cm 2 ) power. Substrate temperatures were varied from room temperature to 800°C. Deposition duration was varied from 1 h to 8 h to calculate the deposition rate. The resulting film thicknesses were determined by surface profilometry, and ranged from 50 nm to 400 nm corresponding to the deposition rate of 50 nm/h for the film deposited at 650°C, total pressure of 4.86 Pa and O 2 /Ar ratio of 5/95 sccm. The formation of the monophasic film was confirmed via XRD using monochromatic Cu K α radiation. The composition of the film was analyzed by Electron probe microanalysis (EPMA) and Rutherford backscattering (RBS) experiments. For carrying out the electrical measurements, samples in the form of metal-insulator-metal sandwich structure were fabricated. For this, Pt dots of 150 μm diameter were deposited on to the CCTO films at room temperature through a shadow mask by RF sputtering technique. The capacitance measurements were carried out as a function of frequency (100 Hz-15 MHz) and temperature (100-450 K) using impedance gain phase analyzer (HP4194A) at a signal strength of 0.1 V rms . For comparison, capacitance measurements were also performed on polycrystalline ceramic pellets sintered at 1100°C for 10 h. 2 2) peaks along with other low intensity peaks, which matches well with the corresponding peaks in the polycrystalline bulk ceramic of CCTO, demonstrating its polycrystalline characteristics. However, compared with the bulk ceramics, intensities of (2 2 0) and (4 4 0) peaks in the film are much higher than the rest of the peaks from planes, indicating the preferential (2 2 0) orientation in the film. This pattern confirms the polycrystalline nature of the as-grown film with preferential (2 2 0) orientation. The analyses by EPMA and RBS confirmed that the composition of the film to be that of CCTO. Good quality continuous films were obtained on adopting the above deposition parameters. On increasing the substrate temperature to 850°C, additional phases apart from CCTO started appearing as confirmed by XRD studies. An increase, either in total pressure or O 2 partial pressure led to the breakage of the film which would not qualify for dielectric studies. The films of ∼ 250 nm in thickness were chosen for electrical measurements that are reported in this paper. Fig. 2 (a and b) shows the impedance plots (Z ⁎ plots) at different temperatures for the as deposited film. − Z″ vs Z′ plots at 250 K and below exhibit only an arc due to the high impedance associated with the film. There exists one semicircle with a tail at the low frequency end above 250 K. The Z ⁎ plots at 300 K and above exhibit two overlapping semicircles with a nonzero intercept on the Z′ axis at high frequency end (inset of Fig. 3a ). Fig. 3 shows the Z ⁎ plots at 360 K (Fig. 3a ) along with the combined − Z″, M″ vs f (frequency) plot (Fig. 3b ). The combined − Z″, M″ plots clearly demonstrate the presence of two Debye-like peaks in each spectrum. The presence of small high frequency nonzero intercept on Z′ axis in the Z ⁎ plot (inset of Fig. 3a ) and the presence of high frequency incline in the M″ spectrum ( Fig. 3b ) suggest the existence of the semiconductive and low capacitive regions. Based on these observations, the Z ⁎ data above 340 K were analyzed using the equivalent circuit consisting of a resistor connected in series with two resistorcapacitor (RC) elements as shown in the Fig. 4 , element R g representing the grain, R gb C gb representing the grain boundary and R el C el representing the electrode-sample interface. Where R g is the grain resistance. R gb , R el and C gb, C el are the resistance and capacitance associated with the grain boundary and the electrode-sample interface respectively. Each semicircle in the Z ⁎ plot (Fig. 3a) is described well by Cole-Cole equation.
Results and discussion
Where τ = RC and the parameter α, 0b α ≤ 1, is used to measure the departure from ideal Debye response. The fitted value of α at different temperatures for both semicircles are in the range of 0.93-0.97, reflecting the nearly Debye nature of these regions in the sample. Based on the equivalent circuit that is depicted in Fig. 4 , and in accordance with the brickwork layer model for electroceramics, the large semicircle observed at lower frequency region with R ∼ 65 kΩ and C ∼ 6.3 nF was attributed to the electrode-sample interface response, the semicircle in the high frequency range with R ∼ 20 kΩ and C ∼ 0.58 nF was attributed to grain boundary response and the nonzero intercept on the Z′-axis at high frequency end was attributed to the bulk resistance, R g .
In the combined − Z″, M″ plot (Fig. 3b) , Z″ plot is dominated by the most resistive element, i.e., electrode-sample interface, R el , where as M″ plot is dominated by the element with relatively smaller capacitance i.e. grain boundary. In Z″ plot, the peak corresponding to grain boundary appears only as a shoulder due to its low resistance as compared to the electrodesample interface. In the M″ plot, the response from electrodesample interface appears only as a small hump owing to the high capacitance associated with it. As shown in Fig. 2b , resistances corresponding to each region decreases with increase in the temperature and are plotted against the reciprocal of temperature in the Arhenius format ( Fig. 5 ). All the three regions obeyed Arhenius law with activation energies of 0.45 eV (electrode), 0.49 eV (grain boundary) and 0.025 eV (grain) (Fig. 5 ). Relaxation frequencies corresponding to electrodesample interface and the grain boundary also followed the Arhenius law with activation energies of 0.45 eV and 0.50 eV ( Fig. 6 ), which are nearly equal to the activation energies obtained from resistance values for these two regions (0.45 eV and 0.49 eV respectively) ( Fig. 5 ). Two nearly equal activation energies obtained for conduction and relaxation reveal that the resistance and relaxation time (τ = 1 / f r ) decrease at a similar rate with increase in temperature. For comparison, impedance plots of the polycrystalline ceramic pellet sintered at 1100°C for 10 h at different temperatures are shown in Fig. 7(a-b) . It exhibits only one semicircle with nonzero intercept on Z′-axis at higher frequency. The semicircle is ascribed to originate from the grain boundary and nonzero intercept corresponding to the resistance of the grain, with no semicircle corresponding to electrode-sample interface. The combined −Z″, M″ spectroscopic plot also shows the presence of only one Debye-like peak in each spectrum (Fig. 8) . The presence of both high frequency nonzero intercept on Z′-axis in the Z ⁎ plot (inset of Fig. 7a ) and high frequency incline in the M″ spectrum at f N 10 6 Hz (Fig. 8) indicate the existence of semiconductive and low capacitive regions in the sample. Based on the equivalent circuit that is depicted in Fig. 4 , and in accordance with the brickwork layer model for electroceramics, the large semicircle observed at lower frequency region was attributed to grain boundary and the nonzero intercept on the Z′axis at high frequency end was attributed to the grain resistance. The activation energies corresponding to grain and the grain boundary are calculated from the variation of grain and the grain boundary resistances with temperature and these are 0.07 eV and 0.73 eV respectively ( Fig. 9 ).
It could be noted that the activation energies obtained for grain and the grain boundary conduction in thin films is much lower than that found in bulk ceramic. Thin films with their much reduced size in one dimension are expected to have higher defect density than that in the corresponding polycrystalline bulk ceramics even on annealing them in the oxygen atmosphere at elevated temperatures, which might result in the lower activation energy for conduction in case of thin film. The other possible reason for the low value of the activation energy could be due to the strain associated with the film owing to the lattice mismatch between the film and the substrate. In addition, vast difference in the microstructural features between the bulk and the film could also lead to above differences in the activation energy value. Bulk ceramics that was used for the impedance measurement consisted of grains with an average size of 40-50 μm. On the other hand, films had very small grains resulting in the higher density of the grain boundary and so will be the number of the defects. All these factors might enable oxygen ions to migrate with lower activation energy at the grain boundary in the case of thin films. Same argument can also explain the lower activation energy obtained for grain conduction in thin films when compared to bulk ceramics as the density of the polarons depends on the density of defects in the film.
The variation in the real (ε r ′) and imaginary parts (ε r ″ ) of the dielectric constant with frequency for polycrystalline bulk ceramic at different temperatures is shown in Fig. 10 . ε r ′ decreases from a constant value at low frequency to a small saturated value at high frequency. The values of the dielectric constant in lower and higher plateau regions are nearly 13,000 and 100 respectively. Correspondingly, ε r ″ clearly shows a Debye-like relaxation peak shifting to higher frequencies with increasing temperatures. The relaxation frequency (f r ) followed an Arhenius law with activation energy of 0.1 eV, which is close to the activation energy for the grain conduction process (0.07 eV).
The variation in the ε r ′ and ε r ″ with frequency for the present polycrystalline film at different temperatures is shown in Fig. 11  (a and b) . The dielectric behavior of the film is similar to that of the bulk ceramic with the dielectric constant decreasing from a constant value (∼5000) at low frequency to a small saturated value at high frequency. The observed dielectric constant at low frequency is much smaller than that reported for bulk ceramics.
However, the value is comparable with that reported for CCTO thin films deposited by other techniques such as PLD [20] [21] [22] and chemical method [23] . The only difference that is observed in the present case is the frequency at which the drastic reduction in dielectric constant occurred. The frequency of dielectric relaxation is much lower in the case of film than that of the bulk ceramic. However, the Debye-type relaxation is hardly realized in the loss peak. Because of high conductivity in the low frequency regime, which is linear on a log-log scale, the loss peak appears only as a shoulder. Nevertheless, this peak follows the real part relaxation frequency, which increases as the temperature increases. The relaxation frequency is found to follow Arhenius law with activation energy of 0.5 eV, which is equal to the activation energy corresponding to the grain boundary conduction (Inset of Fig. 11 ). Fig. 12 shows the variation in the ε r ′ and ε r ″ with temperature for polycrystalline CCTO films at representative frequencies. Eventhough the variation is similar to the one that exhibited by the bulk polycrystalline CCTO ceramic, the temperature at which the step increase in the ε r ′ occurs in the film is much higher than that in the case of the bulk ceramics..
The large dielectric constant associated with CCTO bulk ceramics has been explained based on the Maxwell-Wagner phenomenon at the grain boundary, which gives rise to a relaxation spectrum similar to the Debye relaxation. The characteristic frequency (f r ) of such dielectric relaxation is decided by the Fig. 11 . Variation in the real (ε r ′) and imaginary parts (ε r ″) of the dielectric constant with frequency for polycrystalline CaCu 3 Ti 4 O 12 films at different temperatures. resistance and capacitance of grain and the grain boundary according to the following equation [24] ,
In CCTO ceramic, R gb ≫ R g and C gb ≈ 10C g , hence, relaxation frequency becomes approximately equals to
The above equation for f r clearly explains near equivalent values for the activation energies obtained for grain conduction (0.07 eV) and dielectric relaxation (0.1 eV), provided C gb has rather weak temperature dependence, which is very much true in CCTO ceramics. Hence, the near equivalence of activation energy values for dielectric relaxation (0.5 eV) in thin film and for its grain boundary conduction (0.49 eV) and weak temperature dependence of C el suggests that the observed dielectric phenomenon in thin films may be originating from electrodesample interface, wherein dielectric relaxation frequency is given by,
As explained above, root cause for the dielectric relaxation in bulk CCTO ceramic and thin film seems to be totally different. In CCTO bulk ceramic, the dielectric relaxation is reported to be from grain boundary to the grain [12] . On the other hand, in case of thin film, it is appears to be from electrode-sample interface to the grain boundary. The support for this presumption can also be obtained from ε r ′ vs f graphs for bulk ( Fig. 10 ) and thin film ( Fig. 11 ) on close observation. It is clear from these graphs that for a given temperature, the frequency of dielectric relaxation in case of film is much lower than that of the bulk ceramic. Above arguments clearly suggest that the reason for the dielectric relaxation bulk and thin film are different and hence their activation energies.
Conclusions
Polycrystalline CaCu 3 Ti 4 O 12 thin films were deposited on Pt (111)/Ti/SiO 2 /Si substrates using RF-magnetron sputtering. The substrate temperature, total chamber pressure and oxygen partial pressure had great influence on physical quality and the phase formation of the films. Good quality films were obtained at a substrate temperature of 650°C and 4.86 Pa total pressure with 1% O 2 were. The XRD studies revealed the polycrystalline nature of the film with preferential (2 2 0) orientation. The 250 nm film had a fairly high dielectric constant of dielectric constant of 5000 at 1 kHz and 400 K, which is comparable to that obtained for the films deposited by the other techniques such as pulsed laser deposition and chemical methods. However, the value was much lower than that obtained for the polycrystalline bulk ceramics. Frequency of dielectric relaxation in thin films was found to be much lower that observed in the bulk ceramic for a given temperature of measurement. In addition, activation energy associated with the dielectric relaxation in thin film was found to be much higher than that observed in the bulk ceramics. Based on the Maxwell-Wagner relaxation model, the dielectric relaxation observed in thin film was attributed to be originating from electrode-sample interface and the one that is found in bulk ceramic was ascribed to be from grain boundary.
